a-Defensins are abundant antimicrobial peptides in polymorphonuclear leukocytes and play an important role in innate immunity. We have previously shown that a-defensin-1 can inhibit HIV-1 replication following viral entry. Here we examined the molecular mechanism(s) of a-defensin-1-mediated HIV-1 inhibition. a-Defensin-1 had a direct effect on HIV-1 virions at a low MOI in the absence of serum. The direct effect on HIV-1 virions was abolished by the presence of serum or an increase in virus particles. Studying the kinetics of the HIV life cycle revealed that a-defensin-1 inhibited steps following reverse transcription and integration. Analysis of PKC phosphorylation in primary CD4 + T cells in response to a-defensin-1 indicated that a-defensin-1 inhibited PKC activity. Pretreatment of infected CD4 + T cells with a PKC activator, bryostatin 1, partially reversed a-defensin-1-mediated HIV inhibition. Like a-defensin-1, the PKC isoform-selective inhibitor Go6976 blocked HIV-1 infection in a dose-dependent manner. Furthermore, kinetic studies and analysis of HIV-1 products indicated that a-defensin-1 and Go6976 blocked HIV-1 infection at similar stages in its life cycle, including nuclear import and transcription. Taken together, our studies demonstrate that, in the absence of serum, a-defensin-1 may act directly on the virus, but, in the presence of serum, its effects are on the cell, where it inhibits HIV-1 replication. At least 1 of the cellular effects associated with HIV inhibition is interference with 
Introduction
The innate immune system provides the first line of defense for rapidly clearing a wide variety of microbes prior to the development of an adaptive immune response (1, 2) . The effector mechanisms of innate immunity include the alternative complement pathway, phagocytes, and antimicrobial peptides (1, 2) . In addition to the innate pathogen-recognition systems involving immune cells using pattern recognition receptors (3), antimicrobial peptides including defensins and cathelicidins play a significant role in protecting the host from the invasion of pathogens (4) .
The importance of the innate immunity in controlling HIV infection is becoming increasingly appreciated (5) (6) (7) (8) . The inverse correlation between the level of viremia and the ability of NK cells to inhibit HIV replication is predominantly mediated through secretion of CC chemokines, including macrophage inflammatory protein-1α (MIP-1α), MIP-1β, and RANTES, that inhibit HIV-1 entry via CCR5 (8) . Similarly, antiviral activity of soluble factor(s) from CD8 + T cells, known as CD8 + antiviral factor(s) (CAF), is found very early in primary infection before the presence of antibodies against HIV (9) and correlates with delayed disease progression in HIV-1-infected people (10) (11) (12) . CC chemokines contribute in part to CAF activity against HIV (13) . Although CAF activity was attributed to α-defensins 1-3 (14) , studies have now demonstrated that α-defensins are distinct from CAF (15, 16) . Detection of α-defensins in CD8 + cells is most likely due to the uptake of defensins from cocultured cells that produce defensins (16, 17) . Nevertheless, α-defensins clearly have anti-HIV-1 activity (14, 15) that warrants exploration of their role in innate immunity against HIV infection.
Defensins are small cysteine-rich, cationic peptides found in leukocytes and epithelial cells (18) (19) (20) (21) . The 3 types of mammalian defensins, α, β, and circular, have β-sheet structures stabilized by 3 disulfide bonds and differ in their distribution and connection of 6 cysteine residues (reviewed in ref. 20) . They exhibit antimicrobial activity for a broad spectrum of organisms, including Gram-positive and Gram-negative bacteria, fungi, and enveloped as well as nonenveloped viruses (19, 22) . In addition, all 3 classes of defensins exhibit anti-HIV-1 activity (14) (15) (16) (23) (24) (25) (26) (27) .
α-Defensins are abundant in neutrophils (19) but are also found in NK cells, B cells, γδ T cells, monocytes/macrophages, and epithelial cells, which are important components of innate immunity (28) . While high concentrations (high micromolar to millimolar) of α-defensins are toxic to mammalian cells in the absence of serum (29, 30) , circulating levels of α-defensin range from 400 ng/ml (approximately 0.2 μM) in the plasma to 13 μg/ml (approximately 6.5 μM) in the blood (31, 32) . Elevated levels of circulating α-defensins have been associated with sepsis, bacterial meningitis, endometritis, and intrauterine infections (31, (33) (34) (35) . In addition to their direct antimicrobial role, α-defensins display immunostimulatory activities including a chemotactic effect for T lymphocytes, monocytes, and immature dendritic cells and the induction of cytokine production (reviewed in refs. 19, 20) .
Inhibition of HIV replication by synthetic α-defensins from guinea pigs, rabbits, and rats was first reported in 1993 (23) . Several recent studies demonstrate that human α-defensins display anti-HIV-1 activity (14) (15) (16) . However, the mechanism of this anti-HIV activity of α-defensins is not well defined. Although a recent study suggests that α-defensins 1, 2, and 3 purified from neutrophils inhibit HIV-1 infection by directly inactivating virus particles and by targeting CD4 + T cells, the effective dose of 200 μg/ml (approximately 60 μM) is associated with cytotoxicity (16) . We have shown that recombinant α-defensin-1 at a noncytotoxic concentration of 5 μg/ml (approximately 1.5 μM) inhibits HIV-1 infection in primary CD4 + T cells, macrophages, and HeLa-CD4 cells at a step following entry (15) . The IC 50 of recombinant α-defensin-1 is similar to that of native α-defensin-1 from human neutrophils in the range of 0.5-2.2 μM (14) . Direct inactivation of virions does not appear to be required for its inhibitory effect.
Here, we analyze the mechanism(s) by which α-defensin-1 inhibits HIV-1 infection in primary CD4 + T cells. We show that, at a low dose and a low virion burden in the absence of serum, α-defensin-1 can inactivate the virus. In the presence of serum, α-defensin-1 acts on target cells and blocks HIV-1 infection at the steps of nuclear import and transcription. Furthermore, in primary CD4 + T cells, the PKC signaling pathway is involved in α-defensin-1-mediated HIV-1 inhibition. These studies promote understanding of the complexity of the innate immune response against HIV-1 infection, providing insights into prevention and the future therapeutic development of novel anti-HIV drug design.
Results
Effect of α-defensin-1 on HIV-1 virions. Our previous results suggest that direct inactivation of virions is not required for HIV-1 inhibition by α-defensin-1. We examined whether α-defensin-1 at low, noncytotoxic but physiologic concentrations can directly inactivate HIV-1 virions. The direct effect of α-defensin-1 on HIV-1 virions was examined by incubation of replication-competent HIV-1 IIIB at an MOI of 0.01 or 0.1 with α-defensin-1 at initial concentrations of 0, 1, 5, and 20 μg/ml at 37°C for 1 hour. Samples were then diluted 100-fold in complete media to a final MOI of 0.0001 or 0.001 before infection of primary CD4 + T cells. These final concentrations of α-defensin-1 had no postentry effect on HIV. HIV-1 virus particles released into media were measured by HIV p24 assay. Because serum can block the direct effect of α-defensin-1 on virions (16, 36) , we also examined whether the presence of serum affected the direct inactivation of HIV-1 virions. α-Defensin-1 at a concentration as low as 1 μg/ml displayed a direct inhibitory effect on the viruses at a low MOI in the absence of serum, whereas the inhibitory effect was abolished in the presence of serum ( Figure 1A) . Moreover, the inhibitory effect on HIV virions was abolished by a 10-fold increase in virus particles to an MOI of 0.1 in the absence of serum ( Figure 1B ). Increasing concentrations of α-defensin-1 up to 20 μg/ml did not restore its inhibitory effect. We further demonstrated that α-defensin-1 had a direct effect on the R5 HIV-1 virion using a single-cycle infection assay. Replication-defective recombinant HIV-1 JR-FL -pseudotyped virus containing a luciferase reporter gene was produced in media without serum. Viruses were incubated with α-defensin-1 at concentrations of 0, 1, 10, and 20 μg/ml in the absence or presence of serum at 37°C for 1 hour and then diluted 100-fold with complete media before infection of HeLa-CD4 cells expressing CCR5 coreceptors. In the absence of serum, α-defensin-1 had a direct effect on HIV-1 JR-FL -pseudotyped virus, and the inhibitory effect was abolished by serum ( Figure 1C ). No inhibition was observed when α-defensin-1 at 0.01, 0.1, and 0.2 μg/ml, the final concentrations present in samples after 100-fold dilution, was added during viral inoculation for 2 hours followed by wash out (data not shown). Therefore, the presence of residual low concentrations of α-defensin-1 during viral inoculation did not account for the inhibitory effect.
α-Defensin-1 inhibits X4 and R5 primary isolates following viral entry. We have previously shown that α-denfesin-1 inhibits HIV infection after viral entry. This was shown using replication-defective, HIV HxB2 -or HIV VSV -pseudotyped luciferase-expressing viruses as well as replication-component HIV BaL (15) . To determine whether α-defensin-1 can inhibit HIV primary isolates at a postentry level, primary CD4 + T cells were infected with HIV X4, R5, or X4R5 primary isolates at 37°C for 2 hours. Infected cells were then treated with α-defensin-1 at different concentrations, and virus production was measured by quantitation of HIV p24 antigens. As a control, cells were also infected with the laboratory-adapted strain HIV IIIB . As expected, HIV IIIB replication was inhibited when cells were treated with α-defensin-1 after viral infection ( Figure 2D ). More importantly, α-defensin-1 inhibited different subtypes of X4, R5, and dual-tropic HIV primary isolates following viral entry (Figure 2 α-defensin-1 at 5 μg/ml for 16 hours, washed, and cultured in media without or with the inhibitor during HIV-1 infection. In agreement with our previous finding, HIV-1 infection was inhibited by 70% in cells pretreated with α-defensin-1 even though the inhibitor was washed out before infection ( Figure 3A ). This result indicated that in the presence of serum α-defensin-1 had an antiviral effect on the target cell and that this effect persisted after wash-out of α-defensin-1.
To ensure that the effect of α-defensin-1 on cells was not due to cytotoxicity, cell proliferation assay was performed. Activated CD4 + T cells were treated with α-defensin-1 at different concentrations for 48 hours, and cell proliferation was determined. α-Defensin-1 had no effect on CD4 + T cell proliferation up to 10 μg/ml for 48 hours ( Figure 3B) . CD4, CXCR4, and CCR5 receptors are required for productive HIV infection of primary T cells (reviewed in ref. 37 ). A recent report shows that human β-defensin-2 downregulates cell surface CXCR4 but not CCR5 in unstimulated PBMCs in the absence of serum (24) . We examined whether pretreatment of cells with α-defensin-1 altered the expression of these receptors, subsequently leading to HIV-1 inhibition. The effect of α-defensin-1 on expression of CD4, CXCR4, and CCR5 was analyzed by FACS analysis. Activated primary CD4 + T cells were incubated without or with α-defensin-1 at 5 μg/ml for 24 hours in complete media containing 10% FBS, and the expression of receptors on cell surfaces was determined. An isotype antibody was included as a control. α-Defensin-1 had no effect on expression of CD4, CXCR4, and CCR5 receptors ( Figure  3C ). Examination of the effect of α-defensin-1 on CD4 and CXCR4 expression in CD4 + T cells was also performed in the absence of serum. Activated primary CD4 + T cells were incubated in a serumfree medium, AIM-V, overnight before treatment with α-defensin-1. Cell surface CD4 and CXCR4 were analyzed by FACS analysis. Although expression of CXCR4 was downregulated in the serumfree condition, no significant change was observed in both CD4 and CXCR4 expression in cells treated with α-defensin-1 (data not shown). These results show that HIV-1 inhibition by α-defensin-1 pretreatment of CD4 + T cells was not due to downregulation of CD4, CXCR4, or CCR5 on cell surfaces.
α-Defensin-1 inhibits HIV-1 infection following reverse transcription and integration. To dissect the stages of HIV-1 infection inhibited by α-defensin-1 after viral entry, we studied the kinetics of the HIV-1 life cycle in primary CD4 + T cells in the presence of α-defensin-1 using a single-cycle viral infection assay. Activated CD4 + T cells were infected with replication-defective recombinant HIV-1 HxB2 -pseudotyped virus containing a luciferase reporter gene. Infected cells were treated with α-defensin-1 at 2, 6, 9, and 16 hours after infection as indicated in Figure 4A . Samples treated with α-defensin-1 were compared with those treated with the reverse transcriptase inhibitor azidothymidine (AZT) at 5 μM. AZT or α-defensin-1 inhibited HIV-1 infection by 99% or 80%, respectively, when inhibitors were added at 2 hours after infection. AZT lost its inhibitory effect at 9 hours after infection, indicating that reverse transcription was complete, whereas the inhibitory effect of α-defensin-1 was sustained at this time point. The difference between levels of HIV infection in α-defensin-1-treated and AZT-treated cells at 9 and 16 hours was significant (P < 0.05, calculated by Student's t test). This result suggests that the block in the HIV-1 life cycle by α-defensin-1 occurred after reverse transcription in primary CD4 + T cells.
The anti-HIV activity of α-defensin-1 gradually decreased in the kinetic study in Figure 4A , suggesting that α-defensin-1 may affect more than 1 step in the HIV-1 life cycle. Therefore, we compared the kinetics of the HIV-1 life cycle in the presence of α-defensin-1 or an integrase inhibitor, L-731,988 (38) . L-731,988 and α-defensin-1 inhibited HIV-1 infection by 75-80%, when inhibitors were added at 0 or 2 hours after infection ( Figure 4B ). At 24 hours after infection, L-731,988 lost its inhibitory effect, consistent with completion of integration, whereas α-defensin-1 blocked HIV-1 replication by 50%. Taken together, these results suggest that α-defensin-1 affects more than 1 step of the HIV-1 life cycle following reverse transcription, including a postintegration effect.
PKC signaling pathway(s) is involved in α-defensin-1-mediated HIV-1 inhibition in primary CD4 + T cells. α-Defensin-1 can inhibit PKC in vitro (39) . In addition, it is internalized and interacts with PKCα and β in smooth muscle cells (40) . Because PKC plays an important role in HIV-1 infection (41-43), we investigated whether HIV-1 inhibition by α-defensin-1 is mediated through its effects on PKC activity. The activity of PKC is under the control of distinct serine/threonine phosphorylation (44) . Therefore, we analyzed phosphorylated PKC proteins in whole-cell extracts from primary CD4 + T cells treated with α-defensin-1 using phospho-PKC-specific antibody. The blot was then stripped and reprobed with antibodies against PKCα, β, and γ as a control for equal loading. PKC phosphorylation was detected in activated CD4 + T cells without treatment ( Figure  5A , lane 1). The level of PKC phosphorylation was decreased by 30% and 60% in cells treated with α-defensin-1 for 5 and 15 minutes, 4) with α-defensin-1 for 15 minutes. Whole-cell extracts were prepared and PKC phosphorylation was analyzed as described above.
respectively ( Figure 5A, lanes 2 and 3) , indicating that α-defensin-1 inhibited PKC activity in primary CD4 + T cells.
We then examined whether enhancement of PKC activity before treatment with α-defensin-1 would affect α-defensin-1-mediated HIV-1 inhibition during a single-cycle infection. HIV-1 HxB2 -infected primary CD4 + T cells were incubated with a PKC activator, bryostatin 1, at 10 nM for 30 minutes before treatment with α-defensin-1 for 48 hours. Pretreatment of infected cells with bryostatin 1 reduced the HIV-inhibitory effect of α-defensin-1 from 80% to 20% ( Figure 5B ). In addition, α-defensin-1 had no effect on PKC phosphorylation in bryostatin 1-treated cells ( Figure 5C ). These results suggest that PKC signaling pathways are involved in α-defensin-1-mediated HIV-1 inhibition in primary CD4 + T cells.
α-Defensin-1 and a PKC inhibitor, Go6976, block the HIV-1 life cycle at a similar stage. To examine the role of specific PKC isoforms in HIV-1 infection in primary CD4 + T cells, we studied HIV-1 infection in the presence of a PKC isoform-selective inhibitor, Go6976, which blocks activities of PKC isoforms α and β. Primary CD4 + T cells were infected with HIV-1 HxB2 -pseudotyped luciferase reporter virus, treated with Go6976 at 2 hours after infection, and incubated for 48 hours before measurement of luciferase activity. Go6976 inhibited HIV-1 infection in a dose-dependent manner ( Figure 6A ), indicating that PKCα and β were important for HIV-1 infection in primary CD4 + T cells.
We then determined whether the PKC inhibitor Go6976 and α-defensin-1 blocked at a similar stage of HIV-1 infection by studying the kinetics of the HIV-1 life cycle in primary CD4 + T cells in the presence of these inhibitors. Infected cells were treated with α-defensin-1 at 5 μg/ml or Go6976 at 500 nM at 2, 6, and 16 hours after infection, and luciferase activity was measured at 48 hours after infection. Similar kinetics of HIV-1 inhibition were observed in cells treated with α-defensin-1 or Go6976, which suggests that the block in the HIV-1 life cycle may occur at the same stage(s) ( Figure 6B ).
To analyze whether α-defensin-1 or Go6976 also exhibited the anti-HIV-1 activity in transformed T cell lines, several transformed cell lines were infected with HIV-1 HxB2 -pseudotyped luciferase reporter virus and treated with α-defensin-1 or Go6976 at 2 hours after infection. Infected cells were incubated for 48 hours before measurement of luciferase activity. In contrast to the results found in primary CD4 + T cells, no effect of α-defensin-1 on HIV-1 infection was observed in transformed T cell lines including H9, CEM, and Jurkat cells. In these transformed T cells, Go6976 was found to actually enhance HIV-1 infection (data not shown). The results with Go6976, in parallel with those with α-defensin-1, suggest that signaling pathways involved with HIV infection in primary CD4 + T cells are not the same as those in transformed T cells.
Both α-defensin-1 and Go6976 inhibit HIV-1 infection at the steps of nuclear import and transcription.
To confirm that Go6976 and α-defensin-1 inhibited HIV in primary CD4 + T cells following reverse transcription, real-time PCR analysis was performed to amplify HIV-1 strong-stop (R/U5) and full-length (R/gag) reversetranscribed products. These represent early and late reverse-transcribed DNA, respectively (45) . Activated primary CD4 + T cells were infected with HIV-1 HxB2 -pseudotyped luciferase reporter virus and then treated with α-defensin-1 at 5 μg/ml or Go6976 at 500 nM at 2 hours after infection. Genomic DNA was extracted at 48 hours after infection, and HIV reverse-transcribed DNA products were examined. There was no reduction of early and late HIV reverse-transcribed PCR products in primary CD4 + T cells in the presence of α-defensin-1 or Go6976 ( Figure 7A ), which suggests that the block occurred after reverse transcription.
To determine whether the inhibitory effect on HIV-1 infection occurred at nuclear import, real-time PCR analysis of closed 2-longterminal repeat (c2-LTR) circles was performed. Extrachromosomal closed circular forms of HIV DNA (E-DNA), which form only after nuclear import of fully reverse-transcribed linear DNA and contain either a single or a tandem double copy of the LTR (c1-LTR or c2-LTR, respectively), are considered a marker of nuclear import (46) . Primary CD4 + T cells were infected with replication-defective recombinant HIV-1 VSV -pseudotyped luciferase-expressing virus and then treated with α-defensin-1 or Go6976 at 2 hours after infection. Genomic DNA was prepared at 24 hours after infection, and c2-LTR circles were analyzed. α-Defensin-1 and Go6796 inhibited nuclear import by 55% and 37%, respectively ( Figure 7B, left panel) . Similar inhibition of c2-LTR circle formation was observed when replication-component HIV IIIB was used to infect primary CD4 + T cells in the presence of the inhibitors ( Figure 7B, right panel) .
The kinetic study in Figure 4B indicated that α-defensin-1 had persistent inhibition of HIV-1 even after integration was complete. To examine whether the inhibitors affected HIV transcription in primary CD4 + T cells, cells were infected with replication-competent HIV IIIB and then treated with a protease inhibitor, Nelfinavir, to prevent new rounds of viral replication. Infected cells were incu-
Figure 6
α-Defensin-1 and a PKC isoform-selective inhibitor, Go6976, blocked the HIV-1 life cycle at similar stages. (A) The effect of the PKCα and β inhibitor Go6976 on HIV-1 infection in primary CD4 + T cells was determined by a single-cycle infection assay. Cells infected with HIV-1HxB2-pseudotyped luciferase viruses were treated with Go6976 at different concentrations at 2 hours after infection. (B) The kinetics of the HIV-1 life cycle in primary CD4 + T cells in the presence of α-defensin-1 or Go6976 were studied as described in Figure  4 . P < 0.05, inhibitor-treated cells vs. nontreated controls at different time points. Data are mean ± SD of triplicate samples and represent 3 independent experiments. bated for 48 hours to allow completion of viral integration before treatment with α-defensin-1 or Go6976. Total RNA was prepared at 5 days after infection and analyzed by Northern blot analysis using a probe from the HIV-1 nef region. The level of all major species of viral RNAs was decreased in the presence of α-defensin-1 or Go6976 (Figure 7C) . Longer exposure of the blot revealed that both inhibitors suppressed the full-length unspliced 9.2-kb mRNA by 43% ( Figure  7C, right panel) . These results and the kinetic studies demonstrated that α-defensin-1 and Go6976, a PKCα and β inhibitor, blocked HIV-1 infection at the steps of nuclear import and transcription.
Discussion
We demonstrated that α-defensin-1 at physiologic and nontoxic concentrations displayed a dual antiviral effect. α-Defensin-1 had a direct effect on HIV-1 virions, although this inhibitory effect was lost in the presence of serum or an increase in virus particles ( Figure  1 ). In contrast, there was a postentry anti-HIV-1 activity of α-defensin-1 that was independent of serum and inhibited steps following reverse transcription. Both effects could function in vivo in an innate immune response to HIV. At the mucosal surface, α-defensins might work to inactivate the virions in the absence of serum; however, in the presence of serum, the inhibitory effect of α-defensin-1 would largely be on the susceptible cell. The HIV-1-inhibitory effect on cells was present following wash out of α-defensin-1 ( Figure 3A) , suggesting that the effect(s) on target cells persisted.
We hypothesized that the cellular antiviral effect was mediated via cell signaling pathways that regulate HIV-1 replication. This study demonstrated that, in primary CD4 + T cells, PKC signaling pathways were involved in α-defensin-1-mediated HIV-1 inhibition.
PKC plays an important role in HIV-1 infection (41) (42) (43) . At least 1 step in which PKC is involved in control of HIV replication is at the level of viral transcription. PKC upregulates transcription through NF-κB activation and Tat phosphorylation as well as JNK and MAPK signaling pathways (47) (48) (49) (50) (51) (52) . However, PKC also regulates other steps of the HIV-1 life cycle, including fusion, integration, and assembly (42, 53, 54) . PKCβ is required for activation of HIV-1 transcription in the latently infected U1 cell lines (55, 56) . However, the role of specific PKC isoforms in HIV infection in primary CD4 + T cells is not known. Our findings, using Go6796, which selectively inhibits the conventional PKC isoforms α and β, suggest that PKCα and PKCβ play a role in HIV-1 infection in primary CD4 + T cells by controlling the steps of nuclear import and transcription. It remains to be determined whether specific PKC isoforms control different stages of the HIV life cycle and whether PKC isoforms act individually or in concert to regulate HIV infection.
Several lines of evidence suggest that PKC signaling pathway(s) was involved in α-defensin-1-mediated HIV-1 inhibition in primary CD4 + T cells. First, α-defensin-1 blocked PKC phosphorylation, and enhancement of PKC phosphorylation interfered with α-defensin-1-mediated HIV-1 inhibition ( Figure 5 ). In addition, both α-defensin-1
Figure 7
α-Defensin-1 and Go6976 inhibited HIV-1 infection at the steps of nuclear import and transcription. (A) CD4 + T cells were infected with HIV-1HxB2-pseudotyped viruses and then treated with α-defensin-1 or Go6976 for 48 hours. Quantitation of HIV-1 early strong-stop (R/U5) and late fulllength (R/gag) reverse-transcribed products was performed. Data are mean ± SD of 3 independent experiments. No significant difference was observed between control (HIV-1-infected, no treatment) and α-defensin-1-treated cells, or between control and Go6976-treated cells, calculated by Student's t test (P > 0.05). (B) To assess whether α-defensin-1 or Go6976 suppressed HIV-1 nuclear import, real-time PCR analysis was performed to measure c2-LTR circles in CD4 + T cells infected with replication-defective HIV-1VSV-pseudotyped virus (left panel) or replication-competent HIVIIIB at MOI 0.1 (right panel) upon treatment with inhibitors at 2 hours after infection. Samples were prepared at 24 h after infection, and c2-LTR circles were measured. *P < 0.05, control (HIV-1-infected, no treatment) vs. α-defensin-1-treated, control vs. Go6976-treated, calculated by Student's t test. Data represent 2 independent experiments. (C) To determine whether α-defensin-1 or Go6976 inhibited HIV transcription, primary CD4 + T cells were infected with HIVIIIB at MOI 0.05 for 2 hours. Cells were washed and treated with Nelfinavir at 20 μM for 48 hours before exposure to inhibitors for 3 additional days. Total RNA was analyzed by Northern blot analysis using 32 P-labeled HIV-nef DNA fragment. Longer exposure of the blot is shown in the right panel. The blot was stripped and then probed with GAPDH as a control. and the PKC inhibitor Go6796 blocked HIV-1 infection at similar stages of the viral life cycle (Figures 6 and 7) . It remains to be determined which specific PKC isoform is involved in α-defensin-1-mediated HIV-1 inhibition in primary CD4 + T cells and whether α-defensin-1 is internalized and directly interacts with PKCα and β, as found in smooth muscle cells (40) . While the presence or absence of anti-HIV activity of Go6976 paralleled α-defensin-1 in primary CD4 + T cells and transformed T cells, there were discordant effects in HeLa cells (data not shown), suggesting that the involvement of PKC signaling in α-defensin-1-mediated HIV-1 inhibition is cell specific.
The postentry effect of α-defensin-1 on HIV-1 infection occurred after reverse transcription in primary CD4 + T cells. The decrease in extrachromosomal closed circular HIV DNA (E-DNA), considered a marker of nuclear import (46) , was observed in α-defensin-1-or Go6976-treated cells (Figure 7B ), suggesting that a block occurred at the step prior to completion of nuclear import in the HIV-1 life cycle. The gradual trend of decreasing activity of α-defensin-1 or Go6976 in the kinetic studies suggested that α-defensin-1 and the PKC inhibitor Go6976 affect more than 1 step in the HIV-1 life cycle. Analysis of HIV-1 RNAs after viral integration indicated that both inhibitors also suppressed viral transcription ( Figure 7C ). The maximal anti-HIV-1 activity of α-defensin-1 was achieved when α-defensin-1 was added at an early stage of viral infection, which suggests that its effects on nuclear import and transcription are additive. Furthermore, α-defensin-1 may induce other factors such as cytokines that in turn inhibit HIV-1 replication. Although there is no report on the induction of cytokines by α-defensin-1 in primary CD4 + T cells, α-defensin-1 has been shown to upregulate IL-8 in the lung epithelial cell line A549 (29) . Therefore, the indirect downstream effects may play a role in HIV inhibition.
α-Defensin-1 was originally reported to inhibit herpes simplex virus-1 (HSV-1) by directly inactivating virions, presumably interacting with and perturbing viral lipid envelopes (36) . This anti-HSV-1 activity is blocked by serum. Similarly, a recent report indicates that a cytotoxic concentration of 200 μg/ml of α-defensin-1 purified from human neutrophils has a direct effect on HIV-1 virions. This direct effect on HIV-1 virions is also blocked by the presence of 5% serum (16) . We observed that recombinant α-defensin-1 at the nontoxic and physiologic dose of 1 μg/ml had a direct effect on HIV-1 virions, which was blocked by the presence of serum. Since native α-defensin-1 purified from neutrophils has been shown to potently inhibit HIV-1 infection at a concentration of 0.5-2.2 μM (14), similar to what we found with recombinant proteins, the discrepancy in the effective anti-HIV dose cannot be easily attributed to the sources of α-defensin-1. The direct effect of α-defensin-1 on virions is not entirely nonspecific, as it does not efficiently suppress infection of several enveloped viruses (36) . In addition, the antiviral effect is not limited to enveloped viruses; α-defensin-1 also inhibits infection of adenovirus, a nonenveloped virus (22) . It is clear that, in the presence of serum, the primary anti-HIV effect of α-defensin-1 is on cells. In agreement with our report, other members of the α-defensin family, including guinea pig neutrophil peptide (GPNP), rabbit neutrophil peptide-1 (RbNP-1), and rat neutrophil peptide-1 (RatNP-1), inhibit HIV-1 replication following infection of cells. Their anti-HIV-1 activities are not affected by the presence of serum (23) .
Our studies demonstrate that α-defensin-1 at physiologic concentrations inhibits HIV-1 by inactivating the virion in the absence of serum and inhibiting viral replication in target cells in the presence of serum. Other classes of defensins have been shown to use different routes to control HIV-1 infection. For example, human β-defensin-2 and HBD-3 inhibit HIV-1 replication by direct binding to virions and by downregulation of HIV-1 coreceptor CXCR4 (but not CCR5) in PBMCs in the absence of serum (24) . Retrocyclin, a circular form of defensin, acts as a lectin and inhibits HIV-1 not through direct viral inactivation but at the step of viral entry (25) (26) (27) . Taken together, our findings offer insights into the function of α-defensin-1 in innate immunity against HIV-1 infection. Understanding the mechanism by which defensins inhibit HIV-1 infection provides potential novel approaches to prevention and therapy.
Methods
Reagents. Recombinant human α-defensin-1 (NP-1; produced in E. coli; greater than 95% purity by SDS-PAGE and HPLC analyses) was purchased from Chemicon International Inc. or Cell Sciences. The endotoxin level is less than 0.1 ng/mg of human α-defensin-1. Pan-phospho-PKC antibodies and antibodies against PKCα, β, and γ were purchased from Cell Signaling Technology Inc. and Upstate Biotechnology Inc., respectively. Nelfinavir was obtained from the NIH AIDS Research & Reference Reagent Program (ARRRP). Go6976 was purchased from BIOMOL Research Laboratories Inc., and L-731,988 was provided by Merck & Co. Go6976 and L-731,988 were dissolved in DMSO at a final concentration of 5 mM, and the final concentration of DMSO in the working solutions did not interfere with the infection assay.
Cell culture. PBMCs from normal healthy blood donors were isolated by Ficoll-Hypaque gradient centrifugation. CD4 + T cells were isolated from PBMCs by negative selection using a CD4 + T cell isolation kit from Miltenyi Biotec Inc. The purity of cells is 98% based on flow cytometric analysis. CD4 + T cells were stimulated with phytohemagglutinin at 5 μg/ml and maintained in RPMI media supplemented with 10% FBS and IL-2 for 3 days at 37°C before viral infection. Transformed T cell lines H9, CEM, and Jurkat were maintained in RPMI media containing 10% FBS.
HIV-1 infection. Replication-defective HIV-1HxB2, HIV-1JR-FL, and HIV-1VSV Env-pseudotyped, luciferase-expressing reporter viruses for a single-cycle infection assay were produced as described previously (57, 58) . Briefly, HEK293T cells were cotransfected with a plasmid encoding the envelopedeficient HIV-1 NL4-3 virus with the luciferase reporter gene inserted into nef (pNL4-3.Luc.R-E-; gift of N. Landau, ARRRP) and a pSV plasmid expressing the HIV-1HxB2 and HIV-1JR-FL glycoprotein (gift of D. Littman, New York University, New York, New York, USA) or the VSV-G glycoprotein (gift of D. Trono, University of Geneva, Geneva, Switzerland). The supernatant medium was collected 48 hours after transfection, and filtered. Virus stocks were analyzed for HIV-1 p24 antigen concentration by ELISA (SAICFrederick Inc.). To produce HIV-1JR-FL-pseudotyped viruses in the absence of serum, transfection was performed as described above. Transfected cells were incubated for 24 hours, washed with PBS, and cultured in media without serum for an additional 24 hours before collection of viruses.
For a single-cycle infection assay, activated CD4 + T cells at 1 × 10 6 per sample were infected with HIV-1HxB2-pseudotyped luciferase reporter viruses for 2 hours at 37°C. Unbound virus was removed by washing, and infected cells were treated with α-defensin-1 or other inhibitors and incubated at 37°C before lysis with luciferase substrate buffer (Promega Corp.). Luciferase activity (in relative light units [RLUs]) was measured on an EG&G Berthold MiniLumat LB 9506 luminometer. Infection of HeLa-CD4-CCR5 cells was performed as described previously (15) .
The direct effect of α-defensin-1 on HIV-1 virions was analyzed using replication-competent HIV-1IIIB virus (Advanced Biotechnologies Inc.) or HIV-1JR-FL-pseudotyped viruses. HIVIIIB virus at an MOI of 0.1 or 0.01 was incubated with α-defensin-1 at different concentrations at 37°C for 1 hour. Samples were diluted 100-fold before addition of the virus/inhibitor mix to cells, resulting in dilution of the α-defensin-1 to levels at which there was no postentry effect. After viral adsorption, viruses were washed out and cells were incubated at 37°C. HIV p24 levels in supernatants at days 3, 5, 7, and 10 after infection were measured by ELISA (SAIC-Frederick Inc.), and the data at day 10 after infection were presented.
To determine the effect of α-defensin-1 on infection of HIV-1 primary isolates following viral entry, phytohemagglutinin-activated primary CD4 + T cells were infected with HIV-1 primary isolates (ARRRP; and the UNAIDS Network for HIV Isolation and Characterization and the Division of AIDS, National Institute of Allergy and Infectious Diseases) at 37°C for 2 hours. Virus was washed out, and infected cells were treated with α-defensin-1 at different concentrations. HIV-1 p24 levels in the media were measured as described above.
Western blot analysis. Whole-cell extracts were prepared by lysis of cells in 20 mM HEPES buffer (pH 7.9) with 0.2% NP-40, 10% glycerol, 200 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 1 mM sodium orthovanadate, 0.5 mM PMSF, and protease inhibitor cocktail (Roche Molecular Biochemicals). The protein concentration in whole-cell extracts was determined by the Bradford method using the Bio-Rad Protein Assay (Bio-Rad Laboratories). Proteins (30 μg per well) were separated by SDS-PAGE. After electrophoresis, proteins were transferred to PVDF membranes (Millipore Corp.). The membranes were blocked with 5% milk in rinse buffer (10 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100) for 30 minutes at room temperature, then incubated overnight at 4°C with the appropriate primary antibodies in rinse buffer with 5% BSA fraction V. After 3 washes in rinse buffer for 15 minutes, the blots were incubated with HRP-linked secondary antibody (KPL) at a dilution of 1:10,000 for 1 hour at room temperature, and then washed 3 times with rinse buffer for 15 minutes. The immunoblotted proteins were visualized using the ECL chemiluminescent substrate, according to the manufacturer's specifications (Amersham Biosciences Corp.). To reprobe blots, membranes were incubated in stripping buffer (100 mM β-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.7) at 55°C for 1 hour and rinsed with PBS several times before a second Western blot analysis.
Flow cytometric analysis. For cytofluorometric analysis (FACSCalibur; BD Biosciences), α-defensin-1-treated activated CD4 + T cells were stained with the appropriate mAbs conjugated with PE or FITC (BD Biosciences -Pharmingen). Appropriate anti-isotypic mAbs conjugated with PE or FITC were used as negative controls. Results were analyzed with CellQuest software (BD).
Detection of HIV-1 DNA by quantitative real-time PCR analysis. DNA was extracted from cells with the QIAamp DNA Blood Mini Kit (QIAGEN Inc.), and 300 ng of genomic DNA (approximately 48,000 cells) was used for PCR amplification. Each PCR mix contained each primer at 0.2 μM, 2 mM MgCl2, and HotStarTag Master Mix (QIAGEN Inc.). The primer sequences for HIV reverse-transcribed DNA products were as follows: R/U5 forward, M667 (5′-GGCTAACTAGGGAACCCACTG-3′); R/U5 reverse, AA55 (5′-CTGCTAGAGATTTTCCACACTGAC-3′); R/gag forward, M667 (above); R/gag reverse, M661 (5′-CCTGCCTCGAGAGA-GCTCCACACTGAC-3′) ( Plasmids pNL4-3.Luc and cc2-LTR (60) were used to generate standard curves for RT and 2-LTR circle primer-probe sets. In every experiment, a standard curve for RT products and 2-LTR circles derived from serial dilution of plasmids containing the target sequence and ranging from 10 0 to 10 6 copies was measured in triplicate. PCR cycling conditions included a 95°C denaturation for 10 minutes followed by 40 cycles of 95°C for 30 seconds, 55°C for 30 seconds, and 72°C for 30 seconds. Reactions were carried out and analyzed using the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems).
Northern blot analysis. Total RNA (5 μg) prepared using TRIzol (GIBCO; Invitrogen Corp.) was separated on a 1% formaldehyde-agarose gel and transferred to a Zeta-Probe GT membrane (Bio-Rad Laboratories). The membrane was incubated with 32 P-labeled probes overnight at 65°C in 0.25 M sodium phosphate buffer (pH 7.2) containing 7% SDS and 1 mM EDTA, and then washed for 15 minutes twice at room temperature and for 30 minutes once at 65°C with 40 mM sodium phosphate buffer (pH 7.2) containing 1% SDS and 1 mM EDTA. After washing, the membrane was exposed to Hyperfilm MP (Amersham Biosciences Corp.). To reprobe the blot, the membrane was incubated in 0.5% SDS and 0.1× SSC at 95°C for 15 minutes before probing with GAPDH.
